■ During spatial navigation, lesion and functional imaging studies suggest that the right hemisphere has a unique functional role. However, studies of direct human brain recordings have not reported interhemisphere differences in navigationrelated oscillatory activity. We investigated this apparent discrepancy using intracranial electroencephalographic recordings from 24 neurosurgical patients playing a virtual taxi driver game. When patients were virtually moving in the game, brain oscillations at various frequencies increased in amplitude compared with periods of virtual stillness. Using log-linear analysis, we analyzed the region and frequency specificities of this pattern and found that neocortical movement-related gamma oscillations (34-54 Hz) were significantly lateralized to the right hemisphere, especially in posterior neocortex. We also observed a similar right lateralization of gamma oscillations related to searching for objects at unknown virtual locations. Thus, our results indicate that gamma oscillations in the right neocortex play a special role in human spatial navigation. ■
INTRODUCTION
Spatial navigation is a basic part of everyday life for both humans and animals. Because navigation is so ubiquitous throughout the animal world, examining the neural basis of spatial processing is especially useful because it is informative about neural mechanisms across various species. Furthermore, research on spatial navigation may also be informative about other related cognitive processes, such as episodic memory (Buzsáki, 2005) . Consequently, a growing number of researchers have recently begun examining the neural basis of spatial navigation in both humans and animals.
One of the most direct ways to examine neuronal activity underlying spatial processing is to directly record electrical activity from the brain of an animal during navigation. This technique is often used to examine neuronal activity in rodents navigating laboratory mazes. Among the most robust findings of these studies is that hippocampal theta oscillations (3-12 Hz) increase in amplitude during navigational behaviors such as movement and foraging (for a review, see Buzsáki, 2002) . First discovered in rodents, navigation-related theta oscillations were recently observed in humans engaged in virtual navigation tasks-first from intracranial electroencephalographic (iEEG) recordings of neurosurgical patients (Caplan et al., 2003; Caplan, Madsen, Raghavachari, & Kahana, 2001; Kahana, Sekuler, Caplan, Kirschen, & Madsen, 1999) and subsequently from magneto-encephalographic recordings in healthy subjects (Cornwell, Johnson, Holroyd, Carver, & Grillon, 2008; de Araujo, Baffa, & Wakai, 2002) . Consequently, although much human navigation research focuses on theta oscillations to parallel rodent studies, many human studies also report navigation-related brain oscillations at a broad range of frequencies, including the gamma band (Cornwell et al., 2008; Ekstrom et al., 2005; Caplan et al., 2001) . Both theta and gamma oscillations have been implicated in a wide range of human cognitive processes including perception, attention, learning, and memory (Kahana, 2006) .
In a largely parallel line of research, a number of researchers have examined the functional roles of different brain regions in navigation via patient lesion and fMRI techniques. The results from these studies emphasize the role of the hippocampus and related medial-temporal lobe structures, along with regions in parietal and frontal cortices, in tasks that require spatial information processing (for a review, see Burgess, Maguire, & OʼKeefe, 2002; Kessels, de Haan, Kappelle, & Postma, 2001 ). In particular, parts of right frontal, temporal, and parietal cortex specifically activate when participants engage in spatial processing (Gramann, Muller, Schonebeck, & Debus, 2006; Neggers, van der Lubbe, Ramsey, & Postma, 2006) , and impaired spatial memory performance is associated with right hemisphere lesions (van Asselen et al., 2006) . Furthermore, studies show that the magnitude of right hippocampus activation positively correlates with navigation accuracy (Maguire et al., 1998) and that the size of a subjectʼs right hippocampus is positively correlated with their navigation experience (Maguire et al., 2000) . Thus, a critical hypothesis emerging from these studies is that certain types of spatial processing, particularly those underlying navigation and knowledge of spatial locations, are lateralized to the right hemisphere (Leung, Oh, Ferri, & Yi, 2007; Diaz-Asper, Dopkins, Potolicchio, & Caputy, 2006; Gramann et al., 2006; Neggers et al., 2006; van Asselen et al., 2006; Weniger & Irle, 2006; Parslow et al., 2005; Wolbers & Buchel, 2005; Bohbot, Iaria, & Petrides, 2004; Voermans et al., 2004; Kessels, Kappelle, de Haan, & Postma, 2002; Worsley et al., 2001; Nunn, Graydon, Polkey, & Morris, 1999; Abrahams, Pickering, Polkey, & Morris, 1997; Smith & Milner, 1989) .
In recent years, a number of methodical studies reported close relations between fMRI data and direct recordings of brain oscillations (Mukamel et al., 2005; Logothetis, Pauls, Augath, Trinath, & Oeltermann, 2001) . To the extent that navigation-related brain oscillations are related to patterns observed in fMRI and lesion studies, one would expect to find that navigation-related brain oscillations are reliably more prevalent in the right hemisphere. The present study aims both to test this hypothesis and to more fully characterize the oscillatory correlates of spatial navigation across various brain regions and frequency bands.
We recorded iEEG signals from 1,447 electrodes placed in widespread brain regions of 24 neurosurgical patients. During recording, patients played a video game in which they drive a taxi throughout a virtual city. Because iEEG recordings are largely impervious to eye movements and motor artifacts (Yuval-Greenberg, Tomer, Keren, Nelken, & Deouell, 2008; Pfurtscheller & Cooper, 1975) , this technique is well suited for studying the electrophysiological correlates of spatial navigation. Each trial of the game has two phases: First, the patient searches the environment to locate a passenger and drives that passenger to the requested destination. By repeating this process over many trials, patients learn the environmentʼs spatial layout (Newman et al., 2007; Caplan et al., 2003) . In this study, we examine the relation between patientsʼ behavior in the task and their simultaneously recorded iEEG oscillatory activity in various brain regions and frequencies.
METHODS Patient Data and Electrophysiology
Twenty-four patients (ages 11-48 years) undergoing surgical treatment for refractory epilepsy participated in our virtual navigation study (see Table 1 ). Results from 12 of these participants were reported by Caplan et al. (2003) , and results from 5 were reported by Ekstrom et al. (2005) . Data from seven of the participants have not been reported prior to this article.
Each patient was implanted for 1-3 weeks with multiple subdural and/or depth electrodes to map functional regions and to localize their seizure focus for potential subsequent surgical resection. Each participant contributed data from 27-118 electrodes. After excluding electrodes that were placed in white matter, we were able to analyze data from 1,447 electrodes. The iEEG signal from subdural and depth electrodes was recorded by means of a Telefactor, Bio-Logic, XLTek, Neurofile, or Nicolet EEG amplifier system, depending on the testing site. Depending on the amplifier, the signals were sampled at 200, 256, 400, or 512 Hz and band-pass filtered between 0.3 and 70 Hz or between 0.1 and 100 Hz. Data were subsequently notch filtered at 50 (Europe) or 60 Hz (United States) to eliminate electrical noise.
To synchronize the electrophysiological recordings with behavioral events, the experimental computer sent optically isolated synchronization pulses into an unused recording channel. The time stamps associated with these pulses aligned the experimental computerʼs clock with the iEEG clock to a precision (<4 msec) under the sampling interval of the iEEG recording. For all participants, the locations of the electrodes were determined by means of coregistered postoperative computed tomography scans and preoperative MRIs or from postoperative MRIs. Hippocampal recordings were obtained from contacts that terminated in the hippocampus proper, as directly verified by clinical teams.
Our research protocol was approved by the appropriate institutional review boards at each of five hospital sites (Childrenʼs Hospital, Boston, MA; Neurozentrum, Universitat Freiburg, Freiburg, Germany; Hospital of the University of Pennsylvania, Philadelphia, PA; Brigham and Womenʼs Hospital, Boston, MA; and UCLA Medical Center, Los Angeles, CA). Informed consent was obtained from the patients or their guardians (in case of children).
Behavioral Methods
The behavioral methods were similar to those described in Ekstrom et al. (2005) and Caplan et al. (2003) . Briefly, participants played a virtual spatial-navigation game called Yellow Cab on a laptop computer at their bedside while undergoing long-term monitoring in the hospital. In the game, patients play the role of a taxi driver, picking up and delivering passengers to various destination stores, as they navigated virtual environments using a handheld joystick or by pressing arrow keys on the computerʼs keyboard. Virtual cities in the game consisted of six unlabeled, nontarget buildings and three labeled, target stores (Figure 1) . Each city was laid out on a 3 × 3 grid, surrounded by an outer wall. All stores and buildings were at fixed locations and were separated from each other and the outer wall by a traversable road. Stores, buildings, and passengers appeared the same from all viewing angles; stores were labeled with bright signs bearing their name.
Each trial of the game began with a "searching" phase in which the patient searched the virtual environment for a randomly located passenger and picked them up by driving the taxi near them. After pickup, on-screen text informed the patient where to deliver the passenger. Next, during the "goal-seeking" phase, the patient tried to accurately navigate the taxi to the passengerʼs desired destination store. (On-screen text reminded the patient of the desired destination throughout the delivery.) Upon arrival at a store (accomplished by driving into it), onscreen text informed the patient if they reached the correct destination store. Upon a successful passenger delivery, this process repeats and the patient began searching the virtual city for a new passenger. Throughout the task, a point total was displayed in the corner of the screen to encourage efficient navigation. Participants gained points for each successful delivery and lost points for each second spent driving. Patients repeat this process of picking up passengers and delivering them to their requested destinations for the duration of the ≈30-min task.
Data Analysis
We quantified oscillatory activity using the P episode oscillatory episode detection method (van Vugt, Sederberg, & Kahana, 2007; Caplan et al., 2001 Caplan et al., , 2003 . This approach identifies epochs of iEEG signal that exhibit high oscillatory power at a particular frequency lasting several cycles. The method excludes much of the EEGʼs background nonoscillatory activity, by estimating the EEGʼs intrinsic 1/f power spectrum, and helps to exclude spikes, sharp waves, and nonrhythmic changes in power. P episode ( f ) indicates the percentage of an epoch occupied by oscillations at frequency f that exceeded a three-cycle duration threshold "Implantation type" indicates the type of electrodes implanted (subdural = subdural grids and strips; depth = depth electrodes; both = both subdural and depth electrodes). "Hospital" indicates where data collection took place: C = Childrenʼs Hospital; F = Neurozentrum, Universitat Freiburg; P = Hospital of the University of Pennsylvania; U = UCLA Medical Center; and B = Brigham and Womenʼs Hospital.
and the 1/f background spectrum. We computed this quantity separately for every epoch and electrode, at 24 logarithmically spaced frequencies between 1 and 54 Hz. We labeled each moment of the recording session according to the participantʼs current behavior in the task. Specifically, we defined periods of virtual movement as epochs when a participant pressed a keyboard button or pushed the joystick to drive the virtual taxi forward or to turn left or right. These actions caused optic flow as the patient traversed the virtual environment. Conversely, standing-still epochs were defined as periods when the virtual taxi cab was not moving or turning (i.e., no optic flow) but did not include times when the participant was reading text instructions. Searching (for passengers) epochs were defined as periods used to locate passengers to pickup. Goal-seeking (for stores) epochs were defined as periods spent driving a passenger to their desired destination store.
For each delivery trial, we calculated four separate mean P episode values corresponding to that trialʼs epochs of moving, standing still, searching, or goal seeking. We computed each mean P episode value by separately averaging across the epochs of each type within that trial, including only epochs of duration 0.5-30 sec. (When computing P episode for searching and goal seeking, we excluded periods when the patient was standing still.) To determine whether oscillatory power at an electrode significantly changed as a result of virtual movement, we performed a Wilcoxon rank-sum test to compare the distributions of mean P episode values corresponding to moving and standing still. To determine whether oscillatory power was significantly modulated by whether the patient was searching or goal seeking, a similar comparison was performed between the distributions of mean P episode values corresponding to searching and goal seeking. For all comparisons, we pooled recordings from multiple testing sessions at a given electrode (for a single patient), as in previous work (Ekstrom et al., 2005; Caplan et al., 2003) . We carried out all statistical comparisons at every electrode and frequency band.
We performed these analyses at five frequency bands: delta (1-3.5 Hz), theta (4-8 Hz), alpha (9-14 Hz), beta (16-27 Hz), and gamma (32-54 Hz). We considered an electrode as exhibiting a significant effect in a frequency band if the effect was present in at least one sampled frequency within the band at p < .001. Then, we summarized the results using an ROI approach. We calculated the count of electrodes showing significant effects in each of 10 brain regions (left and right frontal, parietal, temporal, and occipital cortices and left and right hippocampi).
Of the 1,447 recording sites, 318 were identified by neurologists as exhibiting epileptiform activity and were designated as being located within epileptic zones. (Counts of epileptic recording sites in right hemisphere : hippocampal, 13; temporal, 74; parietal, 37; frontal, 47; occipital, 10. Left hemisphere: hippocampal, 25; temporal, 89; parietal, 4; frontal, 18; occipital, 1) . Because we found that electrodes from nonepileptic and epileptic regions show qualitatively similar changes in navigation-related oscillatory power when analyzed separately (see Results), we analyzed data from both sets of electrodes.
Our primary concern was to examine how the prevalence of movement and search-related oscillatory activity varies throughout the brain. A traditional way of performing this type of data analysis is the χ 2 test, which is often used to assess differences in the prevalence of a phenomenon among responses (electrodes) from one of several categories. However, χ 2 analysis can be problematic when each electrode may be grouped according to more than one categorization scheme and especially when it is of interest to examine interactions between multiple categories. These issues are critical in our study, where each electrodeʼs activity is labeled according to several orthogonal categorization schemes: hemisphere, brain region, frequency range, and whether the electrode is located in an epileptic zone. In addition, here we are also interested in analyzing interactions among these categories.
To overcome these obstacles and to examine this data set more systematically, we used log-linear analysis (LLA). LLA is a form of the generalized linear model specialized for Poisson-distributed count data (Howell, 1997) . We used LLA to examine how the proportions of electrodes exhibiting movement-and search-related oscillatory patterns vary according to four categorical factors: Hemisphere (two levels), Brain Region (five levels), Frequency Band (five levels), and Epileptic Zone (two levels), and their two-way interactions. In our study, the critical feature of LLA is that it simultaneously examines the relative importance of all factors, including interactions, in a single statistical framework, similar to multiple regression analysis.
The LLA model was computed using Akaike information criterion (R function stepAIC; Venables & Ripley, 2002) , so that factors that did not significantly improve the model fit were discarded. When a well-fitting LLA model is found, it rejects the omnibus hypothesis that there is no relation between the categorical factors and the prevalence of oscillatory activity. (This procedure obviates the need for a multiple-comparison correction.) For each factor in the LLA model, we determined unstandardized and standardized (z score) parameter estimates; these indicate the relative importance of particular effects in the LLA model. We computed the odds ratio (OR) as a measure of effect size. The OR indicates the factorʼs effect on the probability that an electrode exhibits navigation-related oscillatory activity. For example, OR = 2 indicates that the presence of a particular factor doubles the probability of observing a navigation-related oscillatory pattern and OR = 0.5 indicates a halving of that probability. We used contrasts in computing the effects of each factor in the model as follows: The effects of factors Region and Frequency at each level were computed relative to a baseline consisting of the average across all other levels. For factor Hemisphere, the effect in the left hemisphere was compared with that in the right hemisphere. For factor Epileptic, the effects at electrodes located in neurologist-designated epileptic zones was compared with the effects at electrodes in nonepileptic zones. Because the LLA models proportions of electrodes exhibiting navigation-related oscillations, it is unaffected by unequal electrode sampling throughout the brain. When describing fitted LLA models in Tables 3 and  5 , we list all effects with p < .1 and also note effects that are more robust statistically.
RESULTS
Previous work had shown that oscillatory activity increased during periods of virtual movement and that oscillatory activity also increased during periods of passenger searching as compared with store seeking (Ekstrom et al., 2005; Caplan et al., 2003) . To determine whether these movement-and search-related oscillatory effects localized to a specific brain hemisphere or even to certain brain regions, we aggregated recordings across a total of 1,447 electrodes from 12 patients reported by Caplan et al. (2003) , 5 patients reported by Ekstrom et al. (2005) , and 7 additional patients collected for the present report. Because each patientʼs electrode coverage was dictated by clinical considerations, a relatively large number of participants is needed to provide sufficient electrode coverage to make generalizations about the regional specificities of these effects (see Sederberg et al., 2007) . Critically, because this article analyzes a larger data set than existing studies of navigation-related brain oscillations-the largest of its kind-it allows us to examine new patterns that were not observable previously. Specifically, we now analyzed how the prevalence of navigation-related oscillations varied across brain hemisphere, neocortex lobe, frequency band, the presence of epileptiform activity, and their interactions.
Behaviorally, patients reported few problems performing the task. On average, in each trial, patients spent 73 sec searching for a randomly placed passenger and 36 sec driving each passenger to their desired destination. Because the time spent driving passengers to previously seen destinations was significantly shorter than the random search time ( p < .005, t test), it demonstrates that patients in this task were able to learn environmentsʼ spatial layouts successfully.
Comparison of Oscillatory Activity between Movement and Standing Still
We observed a greater prevalence of oscillatory activity during virtual movement as compared with standing still at electrodes in various neocortical brain regions as well as in both hippocampi. Table 2 illustrates this pattern by showing the counts of electrodes exhibiting changes in movementrelated oscillatory power in 10 major brain regions (left and right frontal, temporal, parietal, and occipital cortices; and left and right hippocampi) and 5 major frequency bands (delta, theta, alpha, beta, and gamma).
In individual brain regions, we observed that as many as 83% of electrodes exhibited significant increases (ranksum tests, p < .001) in the prevalence of oscillations during movement ("movement > still"). Overall, this effect was remarkably unidirectional, with less than 1% of all electrodes exhibiting a significantly greater prevalence of oscillations during stillness ("still > movement"). This pattern appeared across all cortical and hippocampal regions at all observed frequency bands. In all but three (of 50) region-frequency comparisons, the number of electrodes exhibiting the "movement > still" effect exceeded the number of electrodes displaying the "still > movement" effect (based on χ 2 tests at p < .05). Next, we used LLA to systematically examine how the proportions of electrodes exhibiting movement-related ("move > still") oscillations varied according to the factors Hemisphere, Brain Region, Frequency Band, and Epileptic Zone and their two-way interactions. LLA is analogous to multiple regression or ANOVA, except it is appropriate for Poisson-distributed count data like our data set. Table 2 illustrates the raw electrode counts that were input to the LLA, and Table 3 details the significant patterns the LLA analysis identified. We describe these patterns below, beginning with the main effects. Overall, movement-related oscillations were observed throughout the brain, but the magnitude of this effect significantly varied across brain regions. Specifically, movement-related oscillations at all frequencies were prevalent in frontal and parietal regions (factor Region; pʼs < .001) and were less frequently observed in the occipital cortex ( p < 10
) and in the hippocampus ( p < .08). Across all regions, movement-related oscillatory patterns were prevalent at theta and beta frequencies and were less frequently observed in the delta and gamma bands (factor Frequency; pʼs < 10
−6
). We next used the LLA model to test our primary hypothesis that the oscillatory correlates of human navigational activity were lateralized to the right hemisphere. Consistent with this hypothesis, we observed several hemispherespecific oscillatory patterns in the LLA model. In the gamma band, movement-related oscillations were prominent in the 
Movement-Effect Laterality
Counts of electrodes are shown separately for each frequency band and brain region. The "move > still" effect is denoted by "M > S" and the "still > move" effect is denoted by "S > M." Rows labeled "All" combine data across all regions. In the Electrode counts section, for each region-frequency group, the number of electrodes exhibiting the M > S effect is compared with the number of electrodes exhibiting the S > M effect with a χ 2 test. The "All Cells" column indicates the total number of electrodes in each region. In the Movement-effect laterality section, for each region-frequency group, the counts of electrodes exhibiting the M > S effect are compared between the left and the right hemispheres (χ 2 test), and the hemisphere where the effect is significantly more prevalent is indicated. *p < .05. **p < .001. right hemisphere, and in the delta band, movement-related oscillations were prevalent in the left hemisphere (factor Hemisphere × Frequency; both pʼs < .001). These two hemisphere-wide patterns were statistically robust, which we confirmed with post hoc tests, right hemisphere gamma, χ 2 (1) = 27, p < .001, left hemisphere delta, χ 2 (1) = 20, p < .001 (see Table 2 ). Separate post hoc χ 2 tests also specifically confirmed that movement-related gamma oscillations in temporal, parietal, and occipital cortices all exhibited significant right lateralization (all pʼs < .05). Within the right hemisphere, movement-related oscillations at various frequencies were prominent in temporal and occipital cortices, and within the left hemisphere they were prevalent in the frontal and parietal cortex (factor Hemisphere × Region, all pʼs < .03). In the hippocampus, we did not observe significantly lateralized movement-related oscillations at any frequency (post hoc χ 2 tests, p > .05).
Comparison of Oscillatory Activity between Searching and Goal Seeking
During the experiment, participants alternated between two primary modes of navigation: searching for passengers ("searching") and seeking for stores ("goal seek"). In an analysis of intracranial EEG data from 12 patients, Caplan et al. (2003) reported that many electrodes had a greater prevalence of oscillatory activity during searching than during goal seeking. Caplan et al. (2003) noted that participants quickly learned the simple town layouts used in Yellow Cab, including the static store identities and locations, but that the passenger locations are unlearnable because they change on each trial. As such, they argued that searching for passengers requires greater attentional resources, including sustained visual attention, than goal seeking. These attention increases during searching could Positive parameter estimates (OR > 1) indicate that the factor/level increases the probability of movement-related oscillations; negative parameter estimates (OR < 1) indicate that the factor/level decreases the probability of movement-related oscillations. This table lists all effects with p < .1. Unstd. Par. = unstandardized parameter estimate; z = standardized parameter estimate; hippo. = hippocampus; OR = odds ratio. have accounted for the observed search-related increase in oscillatory activity, especially in the theta and gamma frequency bands (Kahana, 2006) . As expected, at many electrodes, we observed increased oscillatory power during searching for passengers as compared with goal seeking for stores. Table 4 shows the counts of electrodes that exhibited significant searching versus goal-seeking effects (rank-sum test, p < .001). In some region-frequency groups, as many as 16% of electrodes exhibited increases in oscillatory power during searching ("search > goal seek"). In 16 region-frequency groups, the number of electrodes exhibiting this "search > goalseek" effect significantly exceeded the number of electrodes exhibiting the opposite "goal-seek > search" effect (χ 2 tests at p < .05). Overall, the search-related effect was less widespread than the movement-related effect and appeared almost entirely in frontal and temporal neocortices. However, the prevalence of search-related oscillations we observed in the current study is consistent with previous accounts. Overall, we observed that 10% of neocortical electrodes exhibited increases in search-related theta oscillations, which is comparable to the 9% figure reported by Caplan et al. (2003) .
To further examine how search-related oscillatory activity varies with factors Hemisphere, Brain Region, Frequency Band, and Epileptic Zone and their two-way interactions, Table 4 . Brain Regions Exhibiting Significant "Searching versus Goal-seeking" Oscillatory Effects Searching-Effect Laterality
Counts of electrodes exhibiting each effect are shown separately for each frequency band and ROI. The "searching > goal-seeking" effect is denoted by "S > G" and the "goal-seeking > searching" effect is denoted by "G > S". In the Electrode Counts section of the table, at each region/frequency band, the number of electrodes exhibiting the S > G effect was compared with the number of electrodes exhibiting the G > S effect using a χ 2 test. The "All Cells" column of the table indicates the total number of electrodes observed in each region. In the Searching-effect Laterality section of the table, for each region-frequency group, the counts of electrodes exhibiting the (S > G) effect were compared between the left and the right hemispheres (χ 2 test). When this test indicated a significant difference, the appropriate table entry indicates the hemisphere where the effect was more prevalent. *p < .05. **p < .001.
we again used LLA. The raw data for this analysis are described in Table 4 , and the fit model is detailed in Table 5 . Across all frequencies, search-related oscillations were relatively prevalent in frontal and temporal regions and were less frequently observed in hippocampus (factor Region, all pʼs < .03). Furthermore, search-related activity was often observed at low-frequency bands (factor Frequency: pʼs < 10
) and infrequently observed at high frequencies ( pʼs < .05). In terms of our primary hypothesis regarding the right lateralization of navigation-related oscillatory activity, the LLA model found that search-related oscillatory patterns at all frequencies were more prevalent in the right hemisphere than in the left (factor Hemisphere, p < .03).
In addition to the main effects described above, the LLA also identified additional lateralized search-related oscillatory patterns. Specifically, in the gamma band, searchrelated oscillations were especially prominent in the right hemisphere, as opposed to the left (factor Hemisphere × Frequency, p < .03). A post hoc test confirmed that searchrelated gamma-oscillations were significantly right lateralized, χ 2 (1) = 13, p < .001. In the hippocampus, the LLA model suggested right lateralization, but this pattern was not statistically reliable according to post hoc χ 2 tests ( p > .05). In parietal cortex, the LLA found that search-related oscillatory patterns were prevalent in the left hemisphere (factor Hemisphere × Region, p < .05).
Effects of Epileptic Zones
Many previous studies examining the electrophysiology of cognition in epilepsy patients immediately discard recordings from electrodes exhibiting epileptiform activity (e.g., Lachaux et al., 2005; Caplan et al., 2003) . Here we directly examined whether the movement-and searchrelated oscillatory phenomena related to each electrodeʼs classification as recording from an epileptic or a nonepileptic zone. When considered separately, electrodes from epileptic and nonepileptic zones showed similar frequency and regional patterns of oscillatory effects. In fact, our LLA revealed that electrodes in epileptic zones actually exhibited slightly increased levels of both movement-related (factor Epileptic, p = .065; Table 3 ) and search-related ( p < .001; Table 5 ) oscillations. To specifically examine whether epileptic zones played a role in the apparent right lateralization of movementand search-related gamma oscillations, we performed separate post hoc χ 2 tests including only electrodes from nonepileptic zones. These tests confirmed (both pʼs < .001) that the right-lateralized movement-and searchrelated gamma activity was not related to hemisphere differences in epileptic activity. Overall, this increased prevalence of navigational oscillations in epileptic tissue was unexpected, given the conventional view that epileptic brain regions have diminished involvement in typical behavior (Elger, Helmstaedter, & Kurthen, 2004) . In fact, epileptic regions often exhibit high-frequency oscillations that are not related to behavior (Jirsch et al., 2006) , and we had expected that these epileptiform oscillations might obscure any navigation-related oscillatory patterns. Clearly, more research is needed to fully explain the potential interaction between epilepsy-and cognition-related neuronal activity.
Age-related Effects
Previous work found that there is less right lateralization of navigation-related neuronal activity in adolescents than in adults (Pine et al., 2002) . Our complete data set contained recordings from 7 adolescents (ages 11-16 years) and 17 adults (ages 18-48 years). Thus, we asked whether the patterns of right-lateralized navigation-related gamma oscillations that we observed were present both in adolescents and in adults. Overall, both groups performed the task at comparable levels, as we did not observe significant age-related differences between the durations of trialsʼ searching and goal-seeking phases (t tests, pʼs > .4). Examining movement-related gamma oscillations, we found that this phenomenon was significantly right lateralized both in adolescents, χ
2
(1) = 58, p < 10
, and in adults, χ 2 (1) = 4, p < .05. Furthermore, search-related gamma oscillations were also significantly right lateralized both in adolescents, χ 2 (1) = 11.2, p < .001, and in adults, χ 2 (1) = 3.6, p = .05. Thus, our finding of right-lateralized navigationrelated gamma oscillations appeared in both adolescents and adults.
DISCUSSION
Analyzing intracranial recordings from 1,447 electrodes, we examined movement-and search-related brain oscillations recorded while subjects performed our virtual navigation task. By aggregating data across 24 neurosurgical patients, each of whom had electrodes recording particular subsets of their brain, we examined whether navigationrelated oscillatory activity was lateralized to either the left or the right hemisphere.
In accord with previous work (Ekstrom et al., 2005; Caplan et al., 2003; de Araujo et al., 2002) , we observed significant movement-and search-related oscillations-spanning delta, theta, alpha, beta, and gamma bands-in various brain regions across both hemispheres. However, both effects were generally more prevalent in the right hemisphere, especially in the gamma band. In particular, right-lateralized movement-related gamma oscillations were present in temporal, parietal, and occipital cortices. This is important because these posterior brain regions are particularly implicated in neural theories of spatial cognition (Byrne, Becker, & Burgess, 2007; Frings, Wagner, Quiske, et al., 2006) . Because this right lateralization appeared across multiple neocortex lobes, we do not believe that the findings were directly driven by motor activity, such as joystick movements or keypresses. (Previous work showed that motor-related activity observed in human intracranial recordings is exclusively limited to motor cortex; see Miller et al., 2007. ) Surprisingly, this right lateralization was evident in neocortex but not in hippocampus (cf. OʼKeefe & Nadel, 1978) . Our finding of right-lateralized gamma oscillations during a virtual spatial-navigation task complements previous demonstrations of right hemisphere dominance in a variety of neuroimaging and lesion studies employing spatialnavigation and spatial-memory paradigms (Leung et al., 2007; Diaz-Asper et al., 2006; Gramann et al., 2006; Neggers et al., 2006 , van Asselen et al., 2006 Weniger & Irle, 2006; Parslow et al., 2005; Wolbers & Buchel, 2005; Bohbot et al., 2004; Voermans et al., 2004; Kessels et al., 2002; Worsley et al., 2001; Nunn et al., 1999; Abrahams et al., 1997; Smith & Milner, 1989) .
We showed that both movement-and search-related gamma oscillations were significantly right lateralized. This suggests that the right hemisphere neocortical gamma oscillations observed in our spatial-navigation task play a role in multiple navigational behaviors. This is similar to the previously reported association of right-lateralized fMRI activations with a wide variety of spatial tasks. Together, these two findings are compatible with recent reports that the fMRI BOLD signal correlates with gamma-band EEG oscillations in neocortex recordings from humans and nonhuman primates Mukamel et al., 2005; Logothetis et al., 2001) . In contrast to these right-lateralized gamma oscillations, we found that delta movement-related oscillations were lateralized to the left hemisphere. Although we had not specifically anticipated that delta and gamma oscillations would have different spatial characteristics, other recent studies also reported task-related oscillatory brain patterns at different frequency bands with distinct spatial localizations (e.g., Jacobs, Hwang, Curran, & Kahana, 2006) .
In humans and other animals, gamma oscillations are a general marker of local neuronal activation and often indicate that information is being exchanged between brain regions (Fries, Nikolić, & Singer, 2007; Jensen, Kaiser, & Lachaux, 2007) . Thus, the localization of navigation-related gamma oscillations to the right hemisphere suggests that neurons in this area are especially active and involved in large-scale neuronal processing during our task. Theories suggest that the hippocampal representation of the present location is continuously updated during movement based on perceptual and vestibular information from occipital and parietal cortices (Byrne et al., 2007; Andersen, Shenoy, Snyder, Bradley, & Crowell, 1999) . Our finding that movement-related gamma oscillations lateralized to the right neocortex suggests that the right hemisphere plays a unique role in this spatial updating. We see two possible physiological interpretations for the right lateralization of search-related gamma oscillations. One possibility is that some of the right hemisphere sites that responded to movement exhibited even greater oscillatory activity during searching. This might occur if searching for unknown objects required increased attention to basic navigational processes because there is a wellestablished relation between gamma oscillations and attention ( Jensen et al., 2007; Bauer, Oostenveld, Peeters, & Fries, 2006; Tallon-Baudry, Bertrand, Henaff, Isnard, & Fischer, 2005) . A second possibility is that searching behaviors, in which patients scan for new percepts at random locations, involve a unique set of right hemisphere neuronal assemblies. (Note that these two possibilities are not mutually exclusive.)
Although our analyses revealed greater search-and movement-related oscillations in right neocortex, we failed to observe significant oscillatory differences between the left and the right hippocampi. This finding is not unprecedented because, in addition to the extensive literature on the role of the right hemisphere in navigation, there is evidence that left brain structures also play a role in spatial tasks, albeit in a different capacity. For instance, the left hippocampus has been implicated in contextdependent episodic memory Burgess, Maguire, Spiers, & OʼKeefe, 2001; Maguire et al., 1998) , in learning a new environmentʼs spatial layout (Cornwell et al., 2008) , and in the use of verbal strategies in spatialprocessing tasks (Frings, Wagner, Unterrainer, et al., 2006) . found that patients with right temporal lobectomies were primarily impaired in topographical memory, whereas patients with left temporal lobectomies primarily showed deficits in episodic memory in a large-scale virtual environment. Bohbot et al. (1998) also reported that patients with right hippocampal lesions were impaired on tasks requiring visuospatial memory, whereas patients with left hippocampal lesions were impaired on verbal and episodic memory tasks. Thus, one possible explanation for the bilateral hippocampal activity we observed was that our paradigm is a complex task that involves remembering not only spatial information, which activates the right hippocampus, but also various nonspatial details (e.g., the current passengerʼs pickup location and destination and the past sequence of passenger pickups and destinations), which activate the left hippocampus.
Our analyses support the view that the right neocortex is especially involved in human spatial navigation and shows how neuronal oscillations are a useful tool for mapping the functional roles of different brain regions. Furthermore, because the right-lateralized patterns we observed were especially prominent in the gamma band, they support the view that oscillations in certain frequency ranges have distinct functional roles (e.g., Jacobs et al., 2006; Sederberg, Kahana, Howard, Donner, & Madsen, 2003) in addition to broadband EEG phenomena spanning extremely wide frequency ranges (Miller et al., 2007) . We also found clear lateralization differences across different lobes of the neocortex. For example, posterior lobes of the neocortex exhibited right-lateralized movement-related oscillations, but this pattern did not appear in frontal cortex-this is consistent with the view that oscillations in frontal cortex are generally less prominent than in other brain regions (Siapas, Lubenov, & Wilson, 2005) .
